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Dry aging of beef is a process where beef is exposed to a controlled environment with the
ultimate goal of drying the beef to improve its quality and value. Comprehensive investi-
gations into the effects of various environmental conditions on dry aging are crucial for
understanding and optimizing the process, but the lack of affordable equipment focused
on data collection makes it difficult to do so. The Agenator was thus developed as an open
source system with a suite of features for investigating dry aging such as: measuring and
recording relative humidity, temperature, mass, air velocity, and fan rotational speed; pre-
cise control within 1% for relative humidity and 50 rpm for fan rotational speed; robust sig-
nal integrity preservation and data recovery features; modular design for easy addition and
removal of individual chamber units; and non-permanent fixtures to allow easy adaptation
of the system for other applications such as investigating dehydration of food products. The
open source system comes with user-friendly computer software for interfacing with the
system and creating sophisticated environmental control programs. The Agenator is avail-
able to the public at https://osf.io/87nck/.
 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
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Specifications Table
Hardware name Agenator
Subject Area  Biological Sciences
 Educational Tools and Open Source Alternatives to Existing Infrastructure
Hardware type  Measuring physical properties and in-lab sensors
 Biological sample handling and preparation
Open Source License GNU General Public License (GPL) 3.0
Cost of Hardware 108 USD for base system, 512 USD per chamber
Source File Repository https://osf.io/87nck/
1. Hardware in context
Beef, as obtained immediately after slaughter, is usually unpalatable due to a stiffening process known as rigor mortis.
Post-mortemmeat is thus aged in a cold environment for a few days after slaughter to improve its tenderness. Subsequently,
the aged beef could be fabricated into smaller retail-ready cuts for consumer consumption or subjected to longer aging pro-
cesses. Dry aging involves exposing the meat to a controlled environment for a period of time which partially dehydrates the
beef. During dry-aging, several biochemical reactions occur in the meat which results in unique flavors that have been com-
mercially advertised as ‘‘buttery”, ‘‘nutty” and/or ‘‘earthy” [1]. Dry-aging also adds value to the final product because con-
sumers are generally willing to pay more for high quality beef [2].
There are many environmental or experimental conditions which could affect the dry-aging process, such as relative
humidity (RH), temperature, air flow, or aging time. However, the current state-of-the-art literature on dry-aging rarely
reports the environmental conditions tested, and those that do only test specific conditions or limited ranges [3]. It is likely
that most studies have these limitations due to imprecise measurement or controls of the conditions and the high cost of
equipment used in dry-aging (e.g. humidity controlled chambers, walk-in coolers) which limits the amount of data that
can be collected. These limitations prevent reasonable conclusions from being drawn because a large dataset relating various
dry-aging environmental conditions to quality attributes of dry-aged meat is required to establish cause-effect or correlative
relationships between the two. A modular and inexpensive environment-controlled system would allow efficient collection
of data and aid in understanding the dry-aging process.
It is thus the aim of this work to introduce Agenator: an open source system for dry aging of beef that is capable of record-
ing and precisely controlling a variety of environmental conditions at an affordable cost. The system is subjected to a case
study with known masses and trays of water to demonstrate its precision and control capabilities.
2. Hardware description
2.1. Overview of system
A condensed overview of the Agenator is presented in Fig. 1. The ‘‘base system” is responsible for the logic and operation of
all the chambers. From the base system, chamber units can be added/removed by stacking/removing ‘‘chamber shields” on/
from the ‘‘base shield” in a modular manner. User interaction with the system begins with a C# program running on a com-
puter withWindows operating system (Fig. 2). A USB cable connects the computer to a USB isolator that isolates the power on
the computer side from the microcontroller side to prevent any power surges on either side from affecting the other. The USB
isolator then connects to a modified Arduino Uno R3 microcontroller. The first modification replaces the native Atmega 328P
chip with an Atmega 1284P replacement (Firebirduino UU, EVBplus LLC). The Atmega 1284P has larger flashmemory and sta-
tic random-access memorywhich are necessary due to the large size of the Agenator program running on themicrocontroller.
The second modification removes the DC jack on the microcontroller board to prevent users from plugging in an additional
power source. A base shield is then stacked on top of the Arduino microcontroller. A ‘‘shield” is a term used by the Arduino
community to describe a printed circuit board (PCB) that can be stacked on top of the Arduinomicrocontroller. The base shield
contains pull-up resistors for the Inter-Integrated Circuit (I2C) communication lines, a switch for power to the individual
chambers, and a DC jack to provide 5 V power to the logic side of the system. This external power supply is required because
the system, with enough chambers, can demandmore power than is supplied through the computer USB (500 mA) alone. The
USB isolator complements this purpose by isolating the power of the computer from the microcontroller. It should be noted
that the native DC jack on the Arduino is not used because it is actually connected to a linear regulator that steps down DC
input (9–12 V) to 5 V. As more chamber units are added to the system, the load and thus heat on the voltage regulator
increases, which may eventually overheat the microcontroller. The DC jack on the base shield circumvents this limitation.
Multiple chamber shields are then stacked on top of the base shield, one for each chamber. The chamber shields contain trans-
ceivers that prepares the Serial Peripheral Interface (SPI) and I2C lines for transmission through differential channels. Each
chamber shield is connected to a ‘‘chamber controller” with a Cat 6 cable and a DB-9 straight through cable.
The chamber itself can be placed far from the base system. Fig. 3 shows the major components connected to a single
chamber. The communication cables terminate at the chamber controller on the mounting panel. From the mounting panel,
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Fig. 1. Overview of the Agenator system.
Fig. 2. Components of the base system (USB isolator not pictured).
Fig. 3. Major components of a single chamber.
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electrical and pneumatic connections fan out to various equipment. The pneumatic portion of the system is driven by elec-
trical signals to a solid state relay and solenoid valves. The solid state relay switches the air pump ON or OFF, which removes
air from the chamber, forces it through a carbon filter that helps to remove odors, and pumps the filtered air to two paths.
One path leads to the humidifier while the other to the drying column. The former adds moisture to the air with an ultrasonic
humidifier that breaks water droplets into a fine mist while the latter contains food-safe silica gel beads that absorb moisture
from the air. Only one of the normally-closed solenoid valves can be active at any given time, thus the air can only either be
humidified or dried. The air then enters back into the chamber, thus forming a closed-loop circulation.
The chamber controller (Fig. 4) is a printed circuit board containing connection ports for the RH and temperature sensor,
two load cells, an air velocity sensor, and two pulse width modulated fans. The identification number of the chamber board
as shown on the computer C# program can be changed by adding or removing jumpers on an address header array. Analog
signals from the load cells are converted into digital readings with a 24-bit analog–digital converter module (HX711, Avia
Semiconductor, Xiamen, China). Because two load cells are used, the signal from both load cells are matched with signal
trimming [4]; this can be done by adjusting the blue potentiometers on the chamber controller with a flat head screwdriver.
The air velocity sensor requires a feedback control circuit for maintaining its temperature and a digital converter for its ana-
log signal, therefore a custom printed circuit board was designed for it. The chamber controller is mounted onto an acrylic
mounting panel where other pneumatic fittings and mounting holes are located (Fig. 5). The wires connecting the sensors
and fans to the chamber controller are secured to the mounting panel with cable glands. The cable glands also help reduce
air exchange between the chamber and the ambient environment. The pneumatic fittings include barbed tube adapters for
air removed from the chamber, humid air pumped into the chamber, and dry air pumped into the chamber. The mounting
panel is affixed with bolts and nuts onto an oblong-shaped hole carved onto a chamber. Because all pneumatic connections
and sensors are mounted onto the mounting panel instead of the chamber itself, the chamber can be easily replaced with any
other chambers if the same oblong-shaped hole is carved onto the replacement chamber. In addition, the mounting panel
simplifies cleaning because the entire chamber can be soaped and hosed down once the mounting panel has been removed.
Fig. 5. Bird’s eye view of the inside of a chamber and the mounting panel.
Fig. 4. Front view of the mounting panel, excluding the pneumatic connections.
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2.2. Data acquisition and control
The Agenator is capable of measuring and recording RH (accuracy ± 2.0%), temperature (accuracy ± 0.5 C), mass (accu-
racy ± 5 g, depending on full-scale), air velocity (accuracy ± 0.1 m s1), and fan rotation speed. The RH sensor (HIH8131-
021–001, Honeywell, Morristown, NJ) uses a capacitive sensing element that can operate between 0 and 100 % RH in
non-condensing conditions, but works the best between 10 and 90% RH and 5–50 C for temperature-compensated readings.
The mass reading accuracy and range is affected by the choice of load cells. The setup described in this paper utilizes two
10-kg load cells (SEN-13329, SparkFun Electronics, Niwot, CO), therefore the maximum capacity of the weighing scale is
20 kg. Reducing the load cell capacity would improve the accuracy of mass readings, but care must be taken to prevent
overloading the load cells. The air velocity sensor (FS5.0.1L.195, Innovative Sensor Technology, Las Vegas, NV) performs
the best in laminar air flow, is sensitive to the orientation of the sensor relative to the direction of the air flow, and performs
well between 0 and 2.5 m s1. The fan rotation speed, measured in revolutions per minute (rpm), is simply a count of the
number of times the fan blades pass through a Hall Effect sensor built into the fan over a duration of time. Therefore, an
estimate of accuracy is not given for this measurement. All measured data can be saved into a comma-separated values file
on the connected computer in user-defined intervals, with a minimum of 1 s.
The RH, air velocity, and fan rotation speed are controllable parameters in the Agenator. RH is controlled by first feeding
RH readings to a Proportional-Integral algorithm. The output of the algorithm is converted into duty cycles which are exe-
cuted by pulsing an air pump on/off over a period of one second, similar to a pulse-width modulated signal with frequency of
1 Hz. The Agenator is capable of controlling RH to within 1% of the target. It should be noted that modifications to the size of
the chamber and air pump capacity would influence the RH control capabilities of the system. The control of the fan rotation
speed uses the same control algorithm as RH, but with different parameters. Here, the fan rotation speed readings are fed to
the algorithm, and the output duty cycle is directly sent to the fan which accepts pulse-width modulated signals. Fan rota-
tion speed can be controlled to within 50 RPM of the target speed. The air velocity can be indirectly controlled by the fan
rotation speed because a higher fan rotation speed tends to result in higher air velocity readings. However, an exact relation-
ship between the two must be established on a case-to-case basis depending on the placement and orientation of the air
velocity sensor. For example, placing the sensor close to the fans would result in unstable readings due to the turbulence
at the outlet of the fan. On the other hand, placing the sensor far from the fans will provide stable readings, but may not
be representative of the air flow experienced in the chamber and is not feasible if the chamber is small.
2.3. Signal integrity
The cables connecting the chamber shields to the chamber controllers can be very long (4.5 m for the tests in this study)
and may occasionally stray close to electrically noisy equipment such as the air pumps of the system. As a result, it is impor-
tant to implement strategies to improve the noise immunity of the signal lines. The transmission of signals through differ-
ential channels such as twisted-pair wires dramatically improves noise immunity for long distance communication [5].
Therefore, the I2C and SPI lines are converted to differential signals before transmission through the long cables with a
PCA9615 chip (NXP Semiconductors, Eindhoven, Netherlands) and SN65C1167E chip (Texas Instruments, Dallas, TX), respec-
tively. The differential signals are converted back to the original signals upon reaching the other end of the cable.
The SPI standard requires that the master and slave transmit their data synchronously on each clock pulse sent by the
master. In actuality, there is a slight delay for the master clock pulse to reach the slave, and another delay for the slave data
signal to reach the master, effectively doubling the delay for the transmission of the slave’s response. For long signal lines
such as those present in the Agenator system, this can lead to mistimings when transmitting data from the slave, thus cor-
rupting the data. This issue was resolved by modifying the SPI line to have two lines for the clock signal; one to transmit and
the other to receive. When the microcontroller (master) sends a clock pulse, it travels to the slave device on the transmitting
line before returning back to the microcontroller on the receiving line. The data signals generated by the slave would travel
alongside the clock return signal. Therefore, when the microcontroller reads the incoming clock pulse and data, both lines
would be better synchronized and thus improve the reliability of the data. This timing problem was not problematic for
the I2C lines due to its lower speed and higher timing tolerances.
2.4. Built-in redundancy and data recovery
Since the Agenator was built with the purpose of dry-aging over long periods of time (1 month), it is essential to ensure
the robustness of the system against systematic or unexpected errors. The systemmay also be enclosed in a cold room with-
out constant supervision by a human operator, therefore it must handle many complications on its own. Various features
were weaved into the system to ensure that these design goals were met:
 Communication standards: Messages exchanged between the computer and the microcontroller follow a specific format
defined in the C# program. Upon receiving messages, either device would perform a sanity check for ‘‘flags” embedded in
the message, the number of message parameters, and the format of the extracted message contents. Sanity check failures
would trigger resending of the messages as described below.
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 Timeouts and retries: The C# program also tracks the messages exchanged with the microcontroller by starting timers for
each message sent. If a response is not received within a timeframe (1.5 s) or the microcontroller failed to execute the
command, the message will be resent. This process repeats until a certain threshold (3 attempts) after which the program
would log this incident as an error. The timeout duration and maximum retries can be modified in the C# source code.
 Error and message logging: All errors encountered by the system and messages sent by the C# program to the microcon-
troller are logged in a user-readable text file for debugging purposes.
 Connection checks and handling: The C# program periodically (3 s) asks for a confirmation from the microcontroller to
ensure that it is connected and that it did not freeze up due to some internal error. If this connection check fails, the
C# program automatically restarts the microcontroller and restores all the chamber units back to their states before loss
of connection. A similar check is performed on each individual chamber.
 Autosave and state recovery: The C# program can be set to save the state of the system periodically. The period is user-
defined and has a minimum of 1 min. If the system ever experiences a failure that requires a complete restart, the system
can restore its state from one of the autosave files. This includes restoring the control programs for each chamber, starting
the control routines for chambers that were operating during the autosave, and resuming recording of data.
 Handling of abnormal data: Due to the large amount of acquired data over long periods of time, it is expected that some
data may be corrupted, either due to a sensor error, noise in the communication lines, or mistimings in the communica-
tion protocols. This is resolved in multiple ways. For the RH and air velocity readings, it is expected that values would
change slowly because the environmental controls in the chamber cannot induce sudden changes. The microcontroller
implements this logic by raising a flag if a new reading is abnormally different from the previous reading (10% for RH,
5 m s1 for air velocity). If the next few (three) readings are still abnormally different from the last ‘‘normal” reading, then
the abnormal readings are assumed to be the ‘‘normal” readings. Otherwise, the abnormality of the new reading is con-
firmed and the C# program is informed of this situation. The thresholds for these checks can be modified in the source
code. For the mass readings, a moving average model is utilized. During a single data acquisition cycle that lasts for a sec-
ond, a fixed-size (20) buffer stores new readings as they come in while removing older readings to make space for the
newer ones. At the end of the cycle, the buffer is sorted, the top three and bottom three values are discarded, and the
remaining values are averaged. This process helps to eliminate outliers in every measurement. One disadvantage of this
procedure is a delayed response to sudden mass changes, though this is easily resolved by giving time for the mass read-
ings to stabilize and is not an issue for situations where mass changes occur slowly over a long period of time such as
during dry aging of beef.
2.5. Adaptations and future improvements
The Agenator can be used as it is for aging beef or other types of meat. In addition, the system could be used for other
purposes involving RH control such as conditioning microbiological samples to a certain RH before experiments [6] or
preservation of artworks [7]. Many parts of the system such as the air pump, chamber, weighing scale, load cells, humidifier,
and dry columns can also be replaced depending on the user’s needs. For example, a larger chamber may be used for aging an
entire beef carcass.
The system has room for improvement to further enhance its capabilities. Below are a list of suggested improvements:
 Independent microcontrollers: The HX711 module used for the mass readings has a maximum conversion speed of 80
samples per second. As more chambers are added to the system, this becomes a bottleneck because fewer mass readings
can be obtained from each chamber over a period of a second. To overcome this, smaller and independent microcon-
trollers could be installed on each chamber controller to compile all the readings from that chamber unit before sending
to the main microcontroller. The main microcontroller then only functions as an intermediary between the computer and
chamber controllers. Additionally, these independent microcontrollers can improve the robustness of the system. The dif-
ferential transceivers for the SPI and I2C communication lines have special start-up sequences which, as of now, are hard-
wired to occur only during start-up of the entire Agenator system. Unfortunately, this means that it is not possible to
restart individual communication lines during operation. This setup works fine for the current system by manually
restarting the system and loading from an autosaved state, but can be automated with independent microcontrollers.
 Temperature compensation for mass readings: The resistances of the signal trim potentiometers are affected by temper-
ature, thus the mass readings can be distorted by temperature changes (Section 7.1). In order to use the system under
non-isothermal conditions, it would be necessary to compensate for changes caused by temperature. This could be done
by adding a thermocouple to the system that is placed close to the blue potentiometers used for signal trimming of the
load cells. The mass readings of the system should then be calibrated across the range of expected temperatures and the
calibration data saved into the microcontroller. The microcontroller should then be programmed to automatically com-
pensate the mass readings depending on temperature readings of the thermocouple.
 E-mail or smartphone app alerts: Although it is easy to check on the system status through a remote desktop connection,
it is desirable that the system directly alerts users in the event of a major error. This could be done through e-mails or
sending alerts to a smartphone app.
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 Alarms: It may be desirable to implement audible and visual alarms to alert users of a critical system issue such as dis-
connection of a chamber from the microcontroller. These alarms can operate hand in hand with the e-mail or smartphone
app alerts.
 Air velocity sensing: As mentioned in Section 2.1, air velocity measurements are difficult because the position and orien-
tation of the sensor will directly affect the readings. Additionally, a small chamber may prevent air flow from developing
into a stable laminar flow, thus exposing the sensor to turbulent conditions which results in unstable readings. Therefore,
any in-depth study on the effects of air velocity may require engineering simulations to understand the air flow charac-
teristics around the meat. This information should then be used to design an appropriate chamber and decide appropriate
locations for fans and the air velocity sensor. It would also be desirable to develop standardized methods for measuring
air velocity in dry-aging processes, such as placing the sensor at a certain distance from the meat and facing the blowing
air.
3. Design files
3.1. CAD files
Two components of the Agenator were designed with CAD. The first is the laser-cut acrylic mounting panel to which the
chamber controller is mounted on. The chamber controller is also enclosed by five other laser-cut acrylic pieces. The second
component is an aluminum weighing scale for the two load cells. All CAD models were designed in Fusion 360 (Autodesk,
Inc., San Rafael, CA).
3.2. Electronics
There are six printed circuit boards: base shield, chamber shield, chamber controller, fan rotation speed and isolator mod-
ule, FS5.0.1L.195 air velocity sensor module, and HIH8131-021–001 sensor module. The electronic schematics, PCB design,
and Gerber files were made and generated in the open source software KiCad (version 4.0.7).
3.3. Software
The program for the Arduino microcontroller is split into multiple classes. Some of the classes are derived from open
source libraries. Most of these classes were written in Visual Studio 2017 (Microsoft Corporation, Redmond, WA) with the
Visual Micro add-on (version 1902.15.0) for integration with Arduino. An additional Arduino program for setting the I2C
addresses of the HIH8131-021–001 modules is included in the same repository. The source code and compiled executable
files of the C# program that runs on the computer is located in a separate repository.
4. Bill of materials
Tables 2 to 9 lists the materials and electronic components for the Agenator system. The designators in Tables 2 and 4 will
be used in the build instructions (Section 5) for brevity, while the designators in the tables for electronic components are
unique identifiers for the components which are printed on the PCBs. Some components such as common fasteners, resistors,
and capacitors are ubiquitous and have widely varying prices, therefore the costs for these components are assumed to be
$0.05 per unit and a few vendors are suggested for the source. Quantities that are decimals indicate that the item is sold in
bulk (e.g. the Cat 6 cable for a single chamber is sold in packs of 10). Some electronic components such as capacitors and
resistors are shared between the different PCBs, therefore it is recommended to build a combined bill of materials before
making a purchase in order to get bulk discounts.
The cost of tools such as screwdrivers, soldering accessories, and PVC cement are not included in the bills of materials. It is
also assumed that a computer with Windows operating system is already available for use.
5. Build instructions
Due to the large amount of components in the Agenator system, it is highly recommended to focus on one component at a
time for maximum efficiency. Therefore, the build instructions are divided into multiple subsections for each component,
some of which are sub-components of other components (e.g. PCBs).
5.1. Printed circuit boards
The base shield, chamber shield, chamber controller, fan rotation speed and isolator module, FS5.0.1L.195 air velocity sen-
sor module, and HIH8131-021–001 sensor module are printed circuit boards that can be assembled either manually or by a
third-party PCB manufacturer. The designators in Tables 3, 5, 6–9 are printed onto the PCBs themselves to aid in proper
placement of electrical components. Fig. 6 is a collection of photos of the assembled PCBs which serves as a reference for
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Fig. 6. Top and bottom views of the assembled printed circuit boards. Images are not to scale.
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proper orientation of connectors. The designators J2/J4 and J3/J5 are two sets of the same connectors at opposite ends of the
board and only one of the two should be installed. The installed locations should alternate as the chamber shields are stacked
on top of each other so that the connectors do not interfere with the ones directly above or below it. The designators B1, B2,
B3, and B4 with suffixes (a) and (b) for the chamber controller are connectors for modules that can be attached/detached to/
from the chamber controller. Due to a software limitation, these eight designators are not printed onto the PCBs, so manual
placement may be necessary. The HIH8131-021-001 sensor is particularly sensitive to heat exposure, therefore it is highly
recommended to follow the time and temperature instructions on the datasheet for reflow or hand soldering of the module.
If there are plans to operate the Agenator in a humid or dusty area, it is highly recommended to coat the PCB components
with a conformal coating to improve its water and dust resistance.
The HIH8131-021-001 module communicates with the microcontroller using the I2C standard which requires each
device to have a unique address. Each HIH8131-021-001 module must then be programmed with unique addresses so that
they do not clash with each other. This can be done using an Arduino microcontroller and the program available at the
‘‘Arduino code” repository in Table 1. Instructions for this procedure are found within the program itself. It should be noted
that the Arduino itself has I2C addresses 0 to 7 reserved and the chamber controllers utilize I2C address 64 and above, there-
fore the HIH8131-021-001 modules should be set to addresses between 8 and 63.
The base system requires one base shield, whereas a single chamber unit contains one chamber controller, two fan rota-
tion speed and isolator modules, one FS5.0.1L.195 air velocity sensor module, and one HIH8131-021–001 sensor module.
5.2. Base system
The designators in Table 2 are referred to here. Begin by opening the enclosure of B1 and remove the voltage regulator
(Fig. 7) with a soldering iron or reflow station. Most USB isolators contain this component to provide power from the com-
puter to the connecting device. However, in the Agenator, it is desirable to isolate the power of the computer side from the
microcontroller side. Alternatively, there may be other USB isolators available in the market which are cheaper and/or miss-
ing this component. Next, gently remove the Atmega 328P chip from B2 with a flat head screwdriver. Apply pressure on both
ends of the chip alternately to prevent bending the terminals of the chip. Once the Atmega 328P chip is removed, install B3
into B2, keeping in mind of its orientation (Fig. 8).
Table 1
List of design files for the Agenator system.
Design file name File type Open source license Location of the file
Laser cut acrylic pieces CAD files GNU General Public License (GPL) 3.0 https://osf.io/dqwcf/
Aluminum weighing scale CAD files GNU General Public License (GPL) 3.0 https://osf.io/dqwcf/
Printed circuit board design files Electronics GNU General Public License (GPL) 3.0 https://osf.io/3geym/
Arduino code Software GNU General Public License (GPL) 3.0 https://osf.io/d85pa/
C# program Software GNU General Public License (GPL) 3.0 https://osf.io/dbrnt/
Table 2
Bill of materials for the base system, excluding electronic components.
Designator Component Quantity Cost per unit (USD) Total cost (USD) Source
B1 USB isolator 1 $49.95 $49.95 http://www.cablemax.com/product/CM-M4160-ISO
B2 Arduino Uno R3 1 $10.86 $10.86 https://www.amazon.com/gp/product/B01EWOE0UU
B3 Atmega 1284P upgrade 1 $14.90 $14.90 http://www.firebirduino.com/uu/index.html
B4 Standoffs, #4–40, 7/1600 12 $0.68 $8.16 https://www.mcmaster.com/93505A472
B5 Coupling nut, #4–40 4 $1.64 $6.56 https://www.mcmaster.com/1319 N13
B6 Power supply, 5 V, 5 A 1 $13.99 $13.99 https://www.amazon.com/gp/product/B078RT3ZPS
Table 3
Bill of electronic components for a base shield.
Designator Component Quantity Cost per unit
(USD)
Total cost
(USD)
Source
PCB Printed circuit board 1 $0.20 $0.20 https://osf.io/3geym/
J1 Stacking headers 1 $1.95 $1.95 https://www.adafruit.com/product/85
J2 DC Barrel Jack,
2.0x5.5 mm
1 $0.32 $0.32 https://www.arrow.com/en/products/pj-102a/cui-inc
R1 R2 R3 R4
R5
Resistor, 5.1 k 5%,
0805
5 $0.05 $0.25 Arrow, Digikey, Mouser, etc.
U1 MOSFET, NPN 1 $0.44 $0.44 https://www.arrow.com/en/products/irl6342trpbf/infineon-
technologies-ag
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Table 4
Bill of materials for a single chamber, excluding electronic components.
Designator Component Quantity Cost
per
unit
(USD)
Total
cost
(USD)
Source
C-S1 DB9 Cable, Copper Shielded, M/F,
15 ft
1 $15.02 $15.02 https://www.cablesondemand.com/category/DB15/
product/CS-DSDMDB15MF/URvars/Items/Library/
InfoManage/CS-DSDMDB15MF.htm
C-S2 CAT 6 cable, 20 ft (pack of 10) 0.1 $56.99 $5.70 https://www.amazon.com/gp/product/B003F1ZT5C
C-S3 Standoffs, #4–40, 7/1600 4 $0.68 $2.72 https://www.mcmaster.com/93505A472
C-M1 Storage box, 106 qt, 33–7/800
L  18–3/400 W  1300 H
1 $12.98 $12.98 https://www.homedepot.com/p/Sterilite-106-Qt-
Latching-Storage-Box-14998004/206721484
C-M2 Acrylic sheet, 1800 x 2400 x 0.2200 1 $24.98 $24.98 https://www.homedepot.com/p/OPTIX-18-in-x-24-in-x-
220-in-Acrylic-Sheet-MC-21/202038050
C-M3, C-P9,
C-H11, C-D5
Barbed panel mount adapter, 3/800
Tube ID  1/400 NPSM
8 $0.47 $3.76 https://www.usplastic.com/catalog/item.aspx?
itemid = 117439
C-M4, C-P10,
C-H12, C-D6
O-ring, dash no. 014 (pack of 100) 0.08 $4.42 $0.35 https://www.mcmaster.com/9452 k58
C-M5, C-P11,
C-H13, C-D7
Hex nut, 1/400 8 $0.73 $5.84 https://www.usplastic.com/catalog/item.aspx?
itemid = 123356
C-M6 Barbed elbow, 1/400 FNPT  3/800
Hose ID
2 $1.61 $3.22 https://www.usplastic.com/catalog/item.aspx?
itemid = 124123
C-M7 Barbed adapter, 5/800 Tube ID  1/200
NPT
1 $0.53 $0.53 https://www.usplastic.com/catalog/item.aspx?
itemid = 117430
C-M8 O-ring, dash no. 019 (pack of 100) 0.01 $5.29 $0.05 https://www.mcmaster.com/9452 K73
C-M9 Hex nut, 1/200 1 $0.46 $0.46 https://www.morrisproducts.com/pc_product_detail.asp?
p_key = A72A6557A31545A990B49B7A698029A5
C-M10 Barbed elbow, 1/200 FNPT  1/200
Hose ID
1 $1.74 $1.74 https://www.usplastic.com/catalog/item.aspx?
itemid = 124138
C-M11 Machine screw, #10–24  300 4 $0.05 $0.20 Home Depot, Menards, etc.
C-M12, C-W19 Flat washer, #10 24 $0.05 $1.20 Home Depot, Menards, etc.
C-M13 Nylon spacer, 0.19200 ID, 15/1600
long (pack of 100)
0.04 $11.29 $0.45 https://www.mcmaster.com/94639A795
C-M14 Nylon spacer, 0.19200 ID, 1–1/200
long (pack of 100)
0.04 $11.40 $0.46 https://www.mcmaster.com/94639A391
C-M15 Solenoid valve, 12 V, 1/200 barbed 2 $8.88 $17.76 https://www.ebay.com/itm/1–2-Hose-Barb-Gravity-Feed-
Electric-Solenoid-Valve-DDB-CD-12VDC-12-volt-DC/
300653378588
C-M16 Machine screw, #8–32  3/400 4 $0.05 $0.20 Home Depot, Menards, etc.
C-M17 Flat washer, #8 4 $0.05 $0.20 Home Depot, Menards, etc.
C-M18 Hex nut, #8 4 $0.05 $0.20 Home Depot, Menards, etc.
C-M19 Barbed reducer, 1/200 x 3/800 Tube ID 4 $0.61 $2.44 https://www.usplastic.com/catalog/item.aspx?
itemid = 35466
C-M20 Female disconnect, 1/400 , 22–16
AWG
4 $0.05 $0.20 Home Depot, Menards, etc.
C-M21 Fan, 12 VDC 2 $8.64 $17.28 https://www.digikey.com/product-detail/en/delta-
electronics/AUB0812L-9X41/603–1224-ND/2234246
C-M22 Corner brace, 300 x 3/400 4 $0.70 $2.80 https://www.menards.com/main/tools-
hardware/household-hardware/utility-hardware/corner-
flat-braces/national-hardware-reg-zinc-corner-brace/
n266-395/p-1444448929542-c-9700.htm
C-M23 Hex head screw, #10–24  3/400 0.12 $7.81 $0.94 https://www.mcmaster.com/93075A245
C-M24 O-ring, dash no. 007 0.12 $3.49 $0.42 https://www.mcmaster.com/9452 K15
C-M25 Wing nut, #10–24 12 $0.05 $0.60 Home Depot, Menards, etc.
C-M26 Weatherstripping 1 $6.97 $6.97 https://www.homedepot.com/p/M-D-Building-Products-
Premium-5–16-in-x-17-ft-White-Weather-Stripping-
Tape-for-Medium-Gaps-10-Year-63628/100120472
C-M27 Cable gland, PG9 (pack of 60) 0.1 $18.93 $1.89 https://www.amazon.com/gp/product/B07DC7DCVF
C-M28 Power supply, 12 V, 1A 1 $5.90 $5.90 https://www.ebay.com/itm/Power-Supply-Output-12 V-
DC-1A-4–0 mm-1–7 mm-110 V-240 V-AC-adapter-
Charger/112387385658
C-M29 FS5 sensor 1 $21.15 $21.15 http://www.newark.com/ist-innovative-sensor-
technology/fs5-0–1 l-195/thermal-mass-flow-sensor-gas-
0/dp/52R8317
C-M30 HX711 breakout 1 $2.00 $2.00 https://www.aliexpress.com/item/AD-module-weighing-
sensor-hx711-load-cell-module-dual-channel-24-bit-
analogto-digital-conversion-with/32817115085.html
C-M31, C-H13, C-
P12
Plug, 01x02 4 $0.09 $0.35 https://www.arrow.com/en/products/39–01-2020/molex
C-M32 Plug, 02x02 5 $0.22 $1.09 https://www.arrow.com/en/products/39–01-2040/molex
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Table 4 (continued)
Designator Component Quantity Cost
per
unit
(USD)
Total
cost
(USD)
Source
C-M33 Plug, 01x03 1 $0.11 $0.11 https://www.arrow.com/en/products/39–01-4030/molex
C-M34, C-H14, C-
P13, C-W20
Plug contacts, female 31 $0.05 $1.64 https://www.arrow.com/en/products/39–00-0047/molex
C-M35, C-W21 Plug contacts, male 16 $0.06 $0.92 https://www.arrow.com/en/products/0039000048/molex
C-M36, C-W22 Receptacle, 02x02 4 $0.12 $0.46 https://www.arrow.com/en/products/39–01-3043/molex
C-M37 Jumper 6 $0.09 $0.55 https://www.digikey.com/products/en?
keywords = SPC02SVJN-RC
C-M38, C-W23 Wire, 22 AWG, 4 wires, shielded 0.04 $25.20 $1.01 https://www.ebay.com/itm/Alarm-Wire-Cable-500ft-
1000ft-Solid-Stranded-CCA-18–22-AWG-Shielded-
Unshielded/232513195381
C-M39, C-P14 Wire, 22 AWG, 2 wires, shielded 0.02 $23.85 $0.48 https://www.ebay.com/itm/Alarm-Wire-Cable-500ft-
1000ft-Solid-Stranded-CCA-18–22-AWG-Shielded-
Unshielded/232513195381
C-M40 Clear vinyl tubing, 1/200
OD  3/800 ID  200
1 $5.98 $5.98 https://www.menards.com/main/plumbing/rough-
plumbing/pipe-tubing-hoses-fittings-accessories/hoses-
tubing/vinyl-tubing/sioux-chief-clear-vinyl-tubing/
42143620/p-1444442668939.htm
C-M41 Clear vinyl tubing, 5/800
OD  1/200 ID  100
1 $4.58 $4.58 https://www.menards.com/main/plumbing/rough-
plumbing/pipe-tubing-hoses-fittings-accessories/hoses-
tubing/vinyl-tubing/sioux-chief-clear-vinyl-tubing/
42143711/p-1444442693503.htm
C-W1 Aluminum angle, 100 W  100
H  1/800 T  80 L
1.5 $18.68 $28.02 https://www.mcmaster.com/8982 k4
C-W2 Aluminum flat, 1/200 W  1/800
H  60
1 $4.73 $4.73 https://www.mcmaster.com/8975 k577
C-W3 3 Shelf unit, 3000 H  2400 W  1400 D 1/3 $19.97 $6.66 https://www.homedepot.com/p/30-in-H-x-24-in-W-x-
14-in-D-3-Shelf-Wire-Unit-in-Chrome-EH-WSTHDUS-
005/204466879
C-W4 Rubber bumper (pack of 25) 0.16 $10.18 $1.63 https://www.mcmaster.com/9540 K39
C-W5 Rubber bumper, steel washer
(pack of 25)
0.16 $10.68 $1.71 https://www.mcmaster.com/9540 K35
C-W6 Machine screw, #10–24  200 4 $0.05 $0.20 Home Depot, Menards, etc.
C-W8 Lock nut, #10–24 0.04 $3.31 $0.13 https://www.mcmaster.com/90631A011
C-W9 Machine screw, M4, 30 mm
(pack of 100)
0.04 $5.96 $0.24 https://www.mcmaster.com/92005A232
C-W10 Flat washer, M4 (pack of 100) 0.08 $2.05 $0.16 https://www.mcmaster.com/91166A230
C-W11 Steel spacer, 1/200 OD  0.16600
ID  1/400 L
4 $1.77 $7.08 https://www.mcmaster.com/92415A822
C-W12 Lock nut, M4 (pack of 100) 0.04 $4.18 $0.17 https://www.mcmaster.com/90576A103
C-W13 Machine screw, M5, 35 mm
(pack of 100)
0.04 $9.56 $0.38 https://www.mcmaster.com/92005A334
C-W14 Flat washer, M5 (pack of 100) 0.08 $2.31 $0.18 https://www.mcmaster.com/91166A240
C-W15 Steel spacer, 1/200 OD  0.19200
ID  3/800 L
4 $1.97 $7.88 https://www.mcmaster.com/92415A844
C-W16 Lock nut, M5 (pack of 100) 0.04 $4.50 $0.18 https://www.mcmaster.com/90576A104
C-W17 Load cell, 10 kg 2 $8.50 $17.00 https://www.sparkfun.com/products/13329
C-W18 Nylon spacer, 0.19200 ID, 100 long
(pack of 100)
0.04 $11.44 $0.46 https://www.mcmaster.com/94639A556
C-P1 Air pump 1 $93.33 $93.33 https://www.zenhydro.com/ecoplus-commercial-air-7–
200-watt-single-outlet-3804-gph-4-cs.html
C-P2 Fan, AC 1 $10.08 $10.08 https://www.digikey.com/product-detail/en/FAA1-
12038NBHW31-A/Q588-ND/2600016
C-P3 Solid state relay, 25 A 1 $9.95 $9.95 https://www.auberins.com/index.
php?main_page = product_info&products_id = 9
C-P4 Barbed Y, 3/800 Tube ID 1 $1.04 $1.04 https://www.usplastic.com/catalog/item.aspx?
itemid = 31967
C-P5 PVC pipe, 200 x 100 0.05 $7.13 $0.36 https://www.homedepot.com/p/Genova-Products-PVC-
DWV-Pipe-Schedule-40-Cellular-Core-2-in-x-10-ft-
70021F/300282331
C-P6 PVC female adapter, Socket  FIPT,
200
2 $0.69 $1.38 https://www.pvcfittingsonline.com/435–020-2-schedule-
40-pvc-female-adapter.html
C-P7 PVC cleanout plug, raised nut, 200 2 $0.75 $1.50 https://www.pvcfittingsonline.com/2-dwv-pvc-cleanout-
plug-raised-nut-d106-020.html
(continued on next page)
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Table 5
Bill of electronic components for a chamber shield.
Designator Component Quantity Cost per unit (USD) Total cost (USD) Source
C1 C2 Capacitor, 0.1u, 25 V, 0805 2 $0.05 $0.10 Arrow, Digikey, Mouser, etc.
C3 Capacitor, 1u, >5V, 0805 1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
D1 LED, green 1 $0.17 $0.17 https://www.digikey.com/product-
detail/en/wurth-electronics-inc/
150080VS75000/732–4986-2-ND/
4489924
J1 Arduino stackable headers 1 $1.95 $1.95 https://www.adafruit.com/product/
85
J2 OR J4 DB-9 connector, male receptacle 1 $1.28 $1.28 https://www.arrow.com/en/
products/d09p33e4gx00lf/amphenol-
fci
J3 OR J5 RJ45 receptacle 1 $0.65 $0.65 https://www.digikey.com/products/
en?keywords = A-2004–2-4-LP-N-R
R16 Resistor, 10 k 5%, 0805 1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
R1 R3 R4 R6 R7 R9
R10 R12 R13
R15
Resistor, 604 1%, 0805 10 $0.05 $0.50 Arrow, Digikey, Mouser, etc.
R2 R5 R8 R11 R14 Resistor, 120 1%, 0805 5 $0.05 $0.25 Arrow, Digikey, Mouser, etc.
U1 Differential transceiver 1 $3.12 $3.12 https://www.arrow.com/en/
products/sn65c1167epwr/texas-
instruments
U2 Differential transceiver for I2C 1 $2.35 $2.35 https://www.arrow.com/en/
products/pca9615dpj/nxp-
semiconductors
Table 4 (continued)
Designator Component Quantity Cost
per
unit
(USD)
Total
cost
(USD)
Source
C-P8, C-D8 Carbon filter 0.25 $7.93 $1.98 https://www.amazon.com/gp/product/B01NBLE3Z2
C-P15 Clear vinyl tubing, 3/400 OD  5/800
ID  100
1 $6.19 $6.19 https://www.menards.com/main/plumbing/rough-
plumbing/pipe-tubing-hoses-fittings-accessories/hoses-
tubing/vinyl-tubing/sioux-chief-clear-vinyl-tubing/
42143813/p-1444442707289-c-8584.htm
C-H1 Pinch jar, 128 oz, 110 mm neck 1 $1.95 $1.95 https://www.usplastic.com/catalog/item.aspx?
itemid = 104488
C-H2 Plastic lid, 110/400 1 $0.55 $0.55 https://www.usplastic.com/catalog/item.aspx?
itemid = 118258
C-H3 Float valve 1 $6.99 $6.99 https://www.amazon.com/gp/product/B012DU0ZAO
C-H4 PVC reducer nipple, 1/400 NPT  1/
800 NPT
1 $0.29 $0.29 https://www.usplastic.com/catalog/item.aspx?
itemid = 28110
C-H5 PVC bushing adapter, 100 Socket
Male  1/4 NPT Female
1 $1.10 $1.10 https://www.mcmaster.com/4880 K825
C-H6 PVC elbow, 100 socket female 1 $0.61 $0.61 https://www.mcmaster.com/4880 K23
C-H7 Clear PVC pipe, 100 x 100 0.67 $4.37 $2.93 https://www.usplastic.com/catalog/item.aspx?
itemid = 39376
C-H8 PVC cap, 100 1 $0.43 $0.43 https://www.usplastic.com/catalog/item.aspx?
itemid = 25772
C-H9 Ultrasonic humidifier, 24 V 1 $6.99 $6.99 https://www.amazon.com/gp/product/B00PAK1YNM
C-H10 Cable gland, PG 7 (pack of 25) 0.04 $5.98 $0.24 https://www.amazon.com/gp/product/B01JYIV9BM
C-D1 PVC pipe, 300 x 100 0.33 $14.62 $4.82 https://www.homedepot.com/p/JM-eagle-3-in-x-10-ft-
PVC-Schedule-40-DWV-Plain-End-Pipe-531095/
100161921
C-D2 PVC female adapter, Socket  FIPT,
300
2 $2.40 $4.80 https://www.pvcfittingsonline.com/435–030-3-schedule-
40-pvc-female-adapter.html
C-D3 PVC cleanout plug, raised nut, 300 2 $1.44 $2.88 https://www.pvcfittingsonline.com/3-dwv-pvc-cleanout-
plug-raised-nut-d106-030.html
C-D4 Silica gel beads 0.125 $99.40 $12.43 https://www.impakcorporation.com/desiccants/bulk_
desiccant/639AG55
C-D9 Barb valved inline coupling body, 3/
800
1 $9.16 $9.16 https://www.usplastic.com/catalog/item.aspx?
itemid = 118169
C-D10 Barb non-valved inline coupling
insert, 3/800
1 $4.73 $4.73 https://www.usplastic.com/catalog/item.aspx?
itemid = 118167
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Place four pieces of B4 on the four mounting holes of B2. Screw them into another four pieces of B4 placed at the same
mounting holes but on the underside of B2. Screw B5 onto the bottom of the four B4 pieces. Align the assembled base shield
on top of B2 and install it by pressing both boards together. Screw it into place with the remaining four pieces of B4. The final
assembly is depicted in Fig. 9.
Table 6
Bill of electronic components for a chamber controller.
Designator Component Quantity Cost per
unit (USD)
Total
cost
(USD)
Source
C1 C2 C3 C4 C5 C6 C7
C8 C9 C11 C13
Capacitor, 0.1u,
25 V, 0805
11 $0.05 $0.55 Arrow, Digikey, Mouser, etc.
C12 Capacitor, 0.1u,
35 V, 0805
1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
C14 Capacitor, 10u,
>5V, 0805
1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
C10 Capacitor, 1u, >5V,
0805
1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
D1 D2 D4 D5 D7 D8
D10
LED, yellow 7 $0.17 $1.20 https://www.digikey.com/product-detail/en/wurth-electronics-
inc/150080YS75000/732–4987-1-ND/4489925
D11 D12 D13 LED, green 3 $0.17 $0.52 https://www.digikey.com/product-detail/en/wurth-electronics-
inc/150080VS75000/732–4986-2-ND/4489925
D3 D6 D9 Diode 3 $0.26 $0.79 https://www.arrow.com/en/products/b360b-e352t/vishay
J12 DB-9 connector,
female receptacle
1 $0.68 $0.68 https://www.digikey.com/product-detail/en/assmann-wsw-
components/A-DF-09-A-KG-T2S/AE10921-ND/1241800
J11 RJ45 receptacle 1 $0.65 $0.65 https://www.digikey.com/products/en?keywords = A-2004–2-4-
LP-N-R
J13 DC Barrel Jack,
1.7x4 mm
1 $0.49 $0.49 https://www.arrow.com/en/products/pj-018/cui-inc
J14 DC Barrel Jack,
2.0x5.5 mm
1 $0.32 $0.32 https://www.arrow.com/en/products/pj-102a/cui-inc
J1 J2 J3 J4 Receptacle, 01x02 4 $0.21 $0.85 https://www.arrow.com/en/products/39–30-1020/molex
J5 J6 J7 J8 J9 Receptacle, 02x02 5 $0.34 $1.70 https://www.arrow.com/en/products/39–28-1043/molex
J10 Receptacle, 01x03 1 $0.26 $0.26 https://www.arrow.com/en/products/39–30-1039/molex
B4(b) Female header pin,
01x03
1 $0.60 $0.60 https://www.digikey.com/products/en?keywords = M20-
7820342
B1(b) B2(a) B3(a) Female header pin,
01x04
3 $0.81 $2.43 https://www.digikey.com/products/en?keywords = M20-
7820442
B1(a) B4(a) Female header pin,
01x06
2 $0.99 $1.98 https://www.digikey.com/products/en?keywords = M20-
7820642
B2(b) B3(b) Female header pin,
02x04
2 $1.05 $2.10 https://www.digikey.com/products/en?keywords = 87606-804LF
JP1 JP2 JP3 JP4 JP5
JP6
Jumper male pins 6 $0.05 $0.29 https://www.arrow.com/en/products/640455–2/te-connectivity
Q1 Q2 Q3 Q4 Q5 MOSFET, NPN, SOT-
23–3
5 $0.42 $2.10 https://www.arrow.com/en/products/irlml6346trpbf/infineon-
technologies-ag
R1 R7 R10 R16 R28
R30
Resistor, 10 k 5%,
0805
6 $0.05 $0.30 Arrow, Digikey, Mouser, etc.
R3 R4 R5 R8 R17 R18
R19 R27 R29
Resistor, 5.1 k 5%,
0805
9 $0.05 $0.45 Arrow, Digikey, Mouser, etc.
R23 R24 Resistor, 2 k 1%,
0805
2 $0.05 $0.10 Arrow, Digikey, Mouser, etc.
R2 R6 R9 Resistor, 1 k 5%,
0805
3 $0.05 $0.15 Arrow, Digikey, Mouser, etc.
R20 R21 R22 R25 R26 Resistor, 120 1%,
0805
5 $0.05 $0.25 Arrow, Digikey, Mouser, etc.
RN1 Resistor array, 8
elements, 10 k 5%
1 $0.28 $0.28 https://www.arrow.com/en/products/exb-2hv103jv/panasonic
RV1 RV2 Trim pot, 100 10% 2 $1.11 $2.22 https://www.arrow.com/en/products/pv36w101c01b00/bourns
U2 PWM generator, 16
outputs
1 $1.84 $1.84 https://www.arrow.com/en/products/pca9685pw118/nxp-
semiconductors
U3 U4 U5 Tri-state buffer,
4x1
3 $0.30 $0.91 https://www.arrow.com/en/products/sn74lv125apwr/texas-
instruments
U1 Tri-state buffer,
2x4
1 $0.37 $0.37 https://www.arrow.com/en/products/sn74lv244apwrg3/texas-
instruments
U6 Differential
transceiver
1 $3.12 $3.12 https://www.arrow.com/en/products/sn65c1167epwr/texas-
instruments
U7 Differential
transceiver for I2C
1 $2.35 $2.35 https://www.arrow.com/en/products/pca9615dpj/nxp-
semiconductors
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An additional optional step is to remove the DC barrel jack from the Arduino board with a soldering iron or reflow station.
This prevents users from accidentally plugging the 5 V power supply to the Arduino instead of the base shield. It is necessary
to avoid the DC barrel jack of the Arduino because it has an in-built voltage step down circuit. A simple temporary alternative
is to place tape over the DC barrel jack of the Arduino.
5.3. Chamber unit
As summarized in Fig. 1, a single chamber unit consists of a chamber shield connected to the chamber controller mounted
on a chamber, along with its environmental control accessories. The following subsections focus on constructing each sub-
component of the chamber unit and uses the designators defined in Table 4. During assembly, it is recommended to wash
with soap and dry the pneumatic line components such as the humidifier and drying column (without the silica gel beads),
and surfaces that may be in contact with the sample such as the inner chamber surfaces and weighing scale (without the
load cells). The washing step helps to prevent contamination of the sample with dust or oils that may be present on the parts.
5.3.1. Connecting cables
There are numerous sensors and actuators that need to be connected to the chamber controller with cables terminated
with proper connectors. The length of the wires should be decided by the maker based on placement of the various compo-
nents. The shielded cables used (C-M38 and C-M39) have a drain wire which should be connected to the ground wire on one
end of the cable. The maker must be diligent in ensuring that the wires are inserted into the correct locations in the connec-
tors by noting the color of the wires in the cables. It may be necessary to place C-M27 in the cables (except the air pump
cable and solenoid valves) before inserting the ends into the connectors if the connectors are too large to go through C-
M27. Below is a list of cables that are required:
 Air pump: C-M39 crimped on one end with two pieces of C-P13 which are then inserted into one piece of C-P12.
 Solenoid valves: C-M39 crimped on one end with two pieces of C-P13 and on the other with two pieces of C-M20. The
former end is then inserted into one piece of C-P12.
Table 7
Bill of electronic components for a fan rotation speed and isolator module.
Designator Component Quantity Cost per unit
(USD)
Total cost
(USD)
Source
C1 C2 C3
C4
Capacitor, 0.1u, 25 V,
0805
4 $0.05 $0.20 Arrow, Digikey, Mouser, etc.
J1 Male header pin,
02x04
1 $0.28 $0.28 https://www.arrow.com/en/products/67996-108hlf/amphenol-fci
J2 Male header pin,
01x04
1 $0.18 $0.18 https://www.digikey.com/products/en?keywords = M20-9990445
R5 Resistor, 10 k 5%,
0805
1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
R1 R2 R3
R4
Resistor, 5.1 k 5%,
0805
4 $0.05 $0.20 Arrow, Digikey, Mouser, etc.
U2 Shift register, 8-bit 1 $0.45 $0.45 https://www.digikey.com/product-detail/en/texas-instruments/
SN74HC165PWR/296–8253-1-ND/376670
U1 Binary counter, 8-bit 1 $0.57 $0.57 https://www.digikey.com/product-detail/en/nexperia-usa-inc/
74HC590PW118/1727–6614-1-ND/2813814
U4 Linear regulator, 5 V,
100 mA
1 $0.38 $0.38 https://www.arrow.com/en/products/ua78l05acpk/texas-
instruments
U3 Digital isolator, 2
channels, 1/1 IO
1 $1.44 $1.44 https://www.arrow.com/en/products/si8622bb-b-is/silicon-labs
C1 C2 C3
C4
Capacitor, 0.1u, 25 V,
0805
4 $0.05 $0.20 Arrow, Digikey, Mouser, etc.
J1 Male header pin,
02x04
1 $0.28 $0.28 https://www.arrow.com/en/products/67996-108hlf/amphenol-fci
J2 Male header pin,
01x04
1 $0.18 $0.18 https://www.digikey.com/products/en?keywords = M20-9990445
R5 Resistor, 10 k 5%,
0805
1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
R1 R2 R3
R4
Resistor, 5.1 k 5%,
0805
4 $0.05 $0.20 Arrow, Digikey, Mouser, etc.
U2 Shift register, 8-bit 1 $0.45 $0.45 https://www.digikey.com/product-detail/en/texas-instruments/
SN74HC165PWR/296–8253-1-ND/376670
U1 Binary counter, 8-bit 1 $0.57 $0.57 https://www.digikey.com/product-detail/en/nexperia-usa-inc/
74HC590PW118/1727–6614-1-ND/2813814
U4 Linear regulator, 5 V,
100 mA
1 $0.38 $0.38 https://www.arrow.com/en/products/ua78l05acpk/texas-
instruments
U3 Digital isolator, 2
channels, 1/1 IO
1 $1.44 $1.44 https://www.arrow.com/en/products/si8622bb-b-is/silicon-labs
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 Weighing scale: Two sets of C-M38 crimped on both ends with eight pieces of C-P13 which are then inserted into two
pieces of C-M32.
 HIH8131-021-001 sensor module: C-M38 crimped on both ends with eight pieces of C-P13 which are then inserted into
two pieces of C-M32.
 Fans: Two sets of C-M38 crimped on both ends with eight pieces of C-P13 which are then inserted into two pieces of
C-M32.
 FS5.0.1L.195 air velocity sensor: C-M38 crimped on both ends with six pieces of C-P13. Only three wires on each end
should be crimped. One end will be inserted into C-M33 while the other should be soldered directly onto C-M29.
Table 8
Bill of electronic components for an FS5.0.1L.195 air velocity sensor module.
Designator Component Quantity Cost per
unit (USD)
Total
cost
(USD)
Source
C1 C2 C4
C5 C8
Capacitor, 0.1u,
25 V, 0805
5 $0.05 $0.25 Arrow, Digikey, Mouser, etc.
C3 Capacitor, 10u,
16 V, 0805
1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
C7 Capacitor, 2.2u,
>12 V, 0805
1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
C6 Capacitor, 1u,
>12 V, 0805
1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
D1 LED, yellow 1 $0.17 $0.17 https://www.digikey.com/product-detail/en/wurth-electronics-inc/
150080YS75000/732–4987-1-ND/4489926
J2 Male header pin,
01x03
1 $0.17 $0.17 https://www.digikey.com/products/en?keywords = M20-9990345
J1 Male header pin,
01x06
1 $0.26 $0.26 https://www.digikey.com/products/en?keywords = M20-9990645
Q1 BJT, NPN, 60 V 1 $0.21 $0.21 https://www.arrow.com/en/products/mmbta05-tp/micro-commercial-
components
R2 Resistor, 12 k
0.1%, 0805
1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
R1 Resistor, 10 k 5%,
0805
1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
R10 Resistor, 5.1 k
5%, 0805
1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
R7 Resistor, 1.4 k
0.1%, 0805
1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
R3 Resistor, 1.2 k
0.1%, 0805
1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
R8 Resistor, 1 k
0.1%, 0805
1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
R9 Resistor, 140
0.1%, 0805
1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
R6 Resistor, 30 1%,
2512, 1 W
1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
R5 Resistor, 22 1%,
2512, 1 W
1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
R4 Resistor, 0, 0805 1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
U2 ADC, 16-bits 1 $3.79 $3.79 https://www.digikey.com/product-detail/en/linear-technology-analog-
devices/LTC2452ITS8-TRMPBF/LTC2452ITS8-TRMPBFCT-ND/1964990
U1 Op-amp 1 $0.66 $0.66 https://www.arrow.com/en/products/tlv171idr/texas-instruments
U3 Voltage linear
regulator, 5.0 V
1 $0.41 $0.41 https://www.arrow.com/en/products/ap2204k-5.0trg1/diodes-incorporated
U4 Digital isolator,
2 channels
1 $1.44 $1.44 https://www.arrow.com/en/products/si8622bb-b-is/silicon-labs
Table 9
Bill of electronic components for a HIH8131-021-001 sensor module.
Designator Component Quantity Cost per unit (USD) Total cost (USD) Source
C1 Capacitor, 0.1u, 25 V, 0805 1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
C2 Capacitor, 0.22u, > 5 V, 0805 1 $0.05 $0.05 Arrow, Digikey, Mouser, etc.
J1 Receptacle, 02x02, right-angle 1 $0.31 $0.31 https://www.arrow.com/en/products/39–30-1040/molex
U1 Humidity sensor 0.2 $67.63 $13.53 https://www.arrow.com/en/products/hih8131-021–001
s/honeywell
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5.3.2. Humidifier
Attach C-H6 to one end of C-H7 using some PVC primer and cement according to the manufacturer instructions. Subse-
quently, use the same primer and cement to attach the socket side of C-H5 to the other end of C-H6. Allow the assembly to
dry overnight. Use a 1/1600 drill bit to make a small vent hole on the end of C-H8. Wash the dried assembly and leave to dry.
Screw C-H2 onto the lip of C-H1. Use 1/200 and 5/800 spade bits to drill holes on C-H1 at the locations marked in Fig. 10. Cut
off the DC barrel jack on the humidifier side of C-H9 and set aside the power supply adapter that will be connected to the
Fig. 7. Removal of the voltage regulator in the USB isolator.
Fig. 8. The Arduino microcontroller upgraded with the Firebirduino UU (Atmega 1284P). Note the orientation of the Firebirduino UU.
Fig. 9. The assembled base system.
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24 V DC jack on the control board during final assembly of the chamber. Crimp the wires to two pieces of C-H14. Route the
wires through C-H10 and install the assembly onto C-H1 at the appropriate hole based on Fig. 10. Now insert the wires
crimped to C-H14 into C-H13. Using Fig. 10 as a reference, install C-H3, C-H4, C-H11, C-H12, C-H13, and the C-H7 assembly
constructed earlier onto C-H1.
5.3.3. Drying column
Use PVC primer and cement to join two pieces of C-D2 to both ends of C-D1. Allow the assembly to dry overnight. Wash
the dried assembly and leave to dry. Meanwhile, use a 1/200 spade bit to drill holes on the center of two pieces of C-D3. Install
two sets of C-D5, C-D6, and C-D7 onto the drilled C-D3 pieces. Attach small pieces of C-D8 onto the inside surface using
mounting tape, as shown in Fig. 11(B). This prevents C-D4 from leaking out of the completed drying column. When the
C-D1 assembly is dried, screw one set of the modified C-D3 onto one end of the C-D1 assembly, then fill it up with C-D4 from
the other end. Close up the end with the other modified C-D3. Attach two lengths of C-M40 to the C-D5 on both ends of the
column and bring them to the middle of the column to be attached to C-D6.
5.3.4. Air pumping system
Similar to the assembly of the dry column, attach two pieces of C-P6 to both ends of C-P5 using PVC primer and cement.
Drill holes at the center of both pieces of C-P7 with a 1/200 spade bit and install C-P9, C-P10, and C-P11 into the holes. Roll up a
sufficient amount of C-P8 to fill up the washed and dried C-P5 assembly, then close both ends with the modified C-P7 pieces.
It may be necessary to run C-P1 overnight and wash its detachable parts to remove the odor of its components. Baking the
non-plastic parts at 80 C overnight would also help to reduce the odors. Wire the electric connections of C-P1, C-P2, and C-
P3 according to Fig. 12. The power supply wire of the air pump will need to be cut to make these connections, leaving a plug
with some length of wire which can be used to connect the solid state relay to the power outlet. C-P2 has two purposes: to
cool C-P1 during operation and to act as a resistive load to C-P3. C-P1 by itself is almost a pure inductive load and prevents C-
P3 from turning on. The wire connecting was made earlier in Section 5.3.1.
5.3.5. Weighing scale
It should be first be noted that the design of the weighing scale presented here is a reference design. If desired, the weigh-
ing scale can be replaced with other designs that utilize different load cells. In any case, the assembly of the weighing scale
Fig. 10. (a) Front and (b) side views of a completed humidifier unit.
Fig. 11. Views of the drying column: (a) Assembled column with optional pipe hangers and (b) the pipe plug lined with carbon filter.
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from the plans in Section 3.1 begins with machining C-W1 and C-W2 to get parts A, B, C, E, and F. Take a single piece of C-W6
and thread components through it in the following order: C-W5, two of C-W19, C-W18, two of C-W19, either part B or C, part
E, part F, C-W19, and C-W8. This should be repeated to form the four corners of the weighing scale. This assembly forms the
bottom portion of the weighing scale and is shown in Fig. 13(A) and (B). Note the alignment of parts B/C and part E. Parts B
Fig. 12. Electrical wiring for the air pumping system.
Fig. 13. Different views of the weighing scale: (a) feet, (b) without the wire grid, (c) load cell, (d) fully assembled.
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and C are mirror images of each other so they would form opposite sides of the weighing scale while Part F prevents the
weighing scale from distorting. Use a right angle ruler to ensure that the corners are right angles before tightening C-W8.
C-W17 comes with four wires that should be trimmed, crimped into four pieces of C-W20, inserted into C-W21, and secured
onto C-W17 with super glue or other strong adhesives. This step prevents the lead wires from being torn off the strain gauges
on C-W17. Affix the modified C-W17 onto either part B or C by threading parts through a piece of C-W13 in the following
order: C-W14, C-W17, C-W15, part B or C, C-W14, C-W16. Ensure that C-W17 is in the correct orientation before screwing it
down; there should be an arrow on it pointing in the direction of gravity. There are two mounting holes for C-W17 per load
cell, so repeat this for the remaining mounting hole. The other C-W17 should be affixed onto the opposite part B/C. Next, affix
part A onto both C-W17 by threading parts in the following order through a piece of C-W9: C-W10, part A, C-W11, C-W17, C-
W10, C-W12. The assembled C-W17 fixture should look like Fig. 13(C). Attach C-W4 to the four corners of a single wire grid
shelf from C-W3. Place this shelf on top of the weighing scale to complete the build (Fig. 13(D)).
5.3.6. Mounting panel
The acrylic mounting panel, along with the other laser cut acrylic pieces described in Section 3.1, are entirely optional
components. If desired, the chamber controller can be housed in a separate container and the pneumatic and cable glands
could be installed onto the chamber itself. However, having a single mounting panel for all these connections simplifies
assembly and disassembly of the chamber. To assemble the mounting panel, begin by fabricating the various acrylic parts
(top, front, bottom, back, side) by laser cutting C-M2 using the plans outlined in Section 3.1. The back piece is also known
as the mounting panel. Install two sets of C-M3, C-M4, and C-M5 on the right-hand side of the mounting panel for the humid
and dry air intakes. Install two pieces of C-M6 on the back side of the panel by screwing them onto the threads of the
installed C-M3. Install C-M7, C-M8, C-M9, and C-M10 similarly on the left side of the mounting panel. Install six pieces of
C-M27 onto the holes along the central holes of the mounting panel, with the tightening domes facing toward the chamber.
If any of the installed C-M27 do not already have the cables assembled in Section 5.3.1 inside them, insert the missing cables
according to the etched lettering on the mounting panel.
Install two C-M15 onto the left and right sides of the front acrylic panel using four sets of C-M16, C-M17, and C-M18.
When installing these, be sure to match the arrow imprints at the bottom of the C-M15 devices to the arrow etchings on
the front panel.
Insert the assembled fan rotation speed and isolator modules, FS5.0.1L.195 air velocity sensor module, HIH8131-021-001
sensor module, and C-M30 into the appropriate slots of the chamber controller by referring to Fig. 4. Plug in the cables
attached to the mounting panel into the appropriate labelled receptacles at the back of the chamber controller. Attach
one end of the solenoid valve cables made in Section 5.3.1 to the two C-M15 on the front panel and the other end to the
appropriate labelled connections on left and right side of the chamber controller. One is labelled ‘‘dry” while the other is
‘‘wet” or ‘‘humid.” Prepare to mount the chamber controller onto the mounting panel by aligning the chamber controller
PCB with the front panel and mounting panel. Use a #10 tap to create threads on holes of the mounting panel that align with
the mounting holes on the chamber controller PCB. At each of the mounting holes, insert C-M11 such that the connected
pieces are in the following order: C-M12, front panel, C-M13, chamber controller, C-M14, mounting panel. Screw the inserted
C-M11 into the newly-tapped holes on the mounting panel. Attach the top and bottom acrylic pieces to the front and mount-
ing panel with the help of the built-in elastic clips. Subsequently, attach the side panels to the sides of the assembly to com-
pletely enclose the chamber controller. Attach a length of C-M26 to the back of the mounting panel by referring to Fig. 14,
keeping in mind of the location of the holes relative to C-M26.
Attach the corners of C-M21 to two pieces of C-M22. This could be done by threading steel wires or zip ties (Fig. 15)
through the mounting holes of C-M21 and the hole at the end of C-M22. It is essential to ensure C-M21 is rigidly attached
to C-M22, otherwise C-M21 may wobble during operation. Crimp the lead wires of C-M21 to four pieces of C-M35, and insert
them into one piece of C-M36. Prepare two sets of this fan assembly.
5.3.7. Chamber
Line the lip of C-M1 with C-M26. Repeat this for the lid of C-M1 at the areas that would touch the lip. Use aluminum tape
or epoxy to seal any holes on the chamber that could contribute to air leakage. Using a blade or router, carve an oblong-
Fig. 14. View of the back of a mounting panel with red and blue arrows indicating locations of panel mounting holes and PCB mounting holes, respectively.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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shaped hole on a wall of C-M1 such that the cable glands on the mounting panel are able to fit into the chamber. Perform a
mock mounting of the panel so that the mounting screw holes can be marked on the chamber walls. Drill these holes to fit
#10 screws.
5.4. Assembly
Select an appropriate location to place the various components of the chamber unit. The whole system can be placed in a
refrigerated room to control the temperature of the samples. For a large number of chamber units, it is recommended to use
shelving units to utilize vertical space and place the drying columns at an easily accessible location, as shown in Fig. 16 for 12
chamber units. An example layout for the individual components of a chamber unit is presented in Fig. 3. Note that the air
pump in that figure is suspended from a shelf separate from the one holding up the chamber to prevent vibrations generated
by the air pump from affecting mass readings. The dry column can be suspended with zip ties or pipe hangers depending on
where it is placed. Begin the assembly by fixing the mounting panel onto the chamber at the holes drilled in Section 5.3.7
using C-M23, C-M24, and C-M25. While doing this, mount the fan assemblies on the inside walls of the chamber by aligning
them to the mounting holes between the cable glands and barbed tube fittings at the left and right of the mounting panel
(Fig. 15). Connect the fans to the appropriate cables from the mounting panel. Place the weighing scale from Section 5.3.5
into the chamber and connect the cables from the mounting panel to its load cells. Place the FS5.0.1L.195 and HIH8131-
021-001 sensors at appropriate locations in the chamber. It is recommended to place the HIH8131-021-001 sensor at least
10 cm away from the sample so that it measures the RH of the chamber instead of the surface of the sample. Plug the power
supply jack of C-H9 and C-M28 into the barrel jacks located on the bottom right of the chamber controller. The adapter heads
Fig. 15. Fan attached to the corner braces.
Fig. 16. An example layout for 12 chamber units.
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should be plugged into a power strip or a wall outlet, preferably with switches. Adjust the address/ID of the chamber unit by
plugging in C-M37 into the appropriate headers located at the right side of the chamber controller. The address/ID is set in a
binary fashion, with a jumper indicating one and no jumper indicating zero. For example, a chamber with an address/ID of 5
would have jumpers on headers 0 and 2.
Attach the unconnected end of the air pump cable fixed to the solid state relay (Section 5.3.4) to the air pump connection
on the left of the chamber controller. Do the same for the humidifier cable (Section 5.3.2) which is connected to the right of
the chamber controller. Attach one end of C-P15 to the C-M7 on the left side of the mounting panel. Route the tubing to the
barbed connection on the black plastic cover of C-P1. Trim the tube length accordingly and connect the two. Attach one end
of C-M40 to the brass barbed fitting on the outlet of C-P1 and attach the other end to one end of the carbon filter assembled
in Section 5.3.4, trimming the tubing accordingly. Attach C-M40 to the other end of the carbon filter and route it close to the
solenoid valves on the front panel of the mounting panel. Trim it here and attach the exposed end to C-P4, which splits the
line into two. Each end should connect to each of the two solenoid valves with C-M19 and C-M41. Attach C-M40 to the other
end of the ‘‘dry” solenoid valve and route it to the dry column before cutting it there and attaching it to one of the barbs of C-
D10. Attach another length of C-M40 to the other barb and route it to the ‘‘dry” C-M3 at the right of the mounting panel
before mating the two. For the ‘‘wet/humid” solenoid valve, prepare a length of C-M40 to be attached to the unconnected
barb of the solenoid valve, while the other end attaches to the C-H10 on top of the humidifier built in Section 5.3.2. The other
C-H10 on the side of the humidifier connects to the ‘‘humid” C-M3 at the right of the mounting panel with a length of C-M40,
thus completing the pneumatic lines of the system.
Align a chamber shield on top of the base shield of the base system (Section 5.2) and press both boards together. Install
four pieces of C-S3 at the four mounting holes of the chamber shield, which should screw into the standoffs already installed
in the base shield. Attach one end of the C-S1 and C-S2 cables into the appropriate ports of the chamber shield and the other
end into the ports of the chamber controller mounted on the previously assembled chamber.
The above steps produce a single chamber unit, and should be repeated for each chamber unit in the system. After stack-
ing the chamber shields on top of the base system, it may be desirable to enclose the entire PCB stack inside a box or con-
tainer. Custom enclosures can be made using 3-D printing, although this was not done in the present work.
5.5. Software
Install the necessary libraries for the ATmega1284P upgrade by following the instructions for the ‘‘Sleeping Beauty” vari-
ant from https://github.com/JChristensen/mighty-1284p/tree/v1.6.3. Install the Arduino libraries and upload the Arduino
program of the Agenator described in Section 3.3. As for the C# program, simply download the compiled executable files
described in Section 3.3 and place the files in the same folder.
6. Operation instructions
6.1. Preparation
Fill the humidifiers with tap water (not deionized) through the reservoir (the vertical pipe) until the water level in the
reservoir stops decreasing. Due to the low electrical conductivity of deionized water, it will falsely trigger the lowwater level
sensor of the humidifier and stop it from working. Ensure that all electrical and pneumatic connections are tight and secure.
Plug in and turn on the 12 V and 24 V power supplies for the chamber units. Insert the USB cable of the USB isolator to an
unoccupied USB port on the computer. Plug in and turn on the 5 V power supply for the base shield. Open the Agenator pro-
gram on the computer. If it doesn’t detect the Arduino microcontroller, try replugging the USB cable or restacking the cham-
ber shield stack. Before any samples are placed into the chambers, ensure that the sensors have been verified or calibrated, as
described in Section 6.2.3. The chamber lids should be clamped down during operation to reduce air exchange with the
ambient environment.
6.2. Agenator computer program
The Agenator program displays the status, sensor readings, and environmental control program of a single chamber unit,
as shown in Fig. 17. This figure will be used as a reference for the rest of this section. The currently displayed chamber can be
changed by clicking the buttons C1 or C2 to choose the previous or next chamber, respectively. Textbox C3 warns if the con-
nection to the currently displayed chamber or the Arduino microcontroller is lost.
6.2.1. Data acquisition
To begin acquiring data from the currently displayed chamber, first ensure that the textbox C3 indicates a good connec-
tion. Adjust the frequency of acquiring data by modifying D1. The minimum frequency is every one second. Click D2 to begin
data acquisition. The textboxes R1 through R6 will be updated with sensor readings as they are received. The RH and mass
readings are also plotted as lines on the chart (G4) as functions of time in minutes (G3), with the blue line representing RH
(G1) and the red, mass (G2). The time interval of the chart can be changed with G5. Increasing the time interval allows the
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user to get a sense of data trends over a long time. The chart is only intended to provide a quick overview of the RH and mass
readings during operation; it is recommended to use other software for in-depth analysis of the data.
If ‘‘Error” is displayed in any of the textboxes R1 through R6, the sensor for that particular reading for the displayed cham-
ber may have an error. This could be due to a loose connection or a faulty sensor. If the ‘‘Error” message only appears for a
short while and then reverts to normal readings, it is highly likely that there was a temporary electrical interference in the
communication lines. To stop data acquisition, click D2 which should have changed to a ‘‘Stop” button upon beginning data
acquisition.
6.2.2. Data recording
The Agenator program allows recording of data into comma-separated values (CSV) files. The location and name of the file
can be chosen by clicking S2. The chosen file will then be displayed in S1. When data acquisition is active, recording will
begin upon clicking S3 which then changes to a ‘‘Stop” button. Clicking this new button would stop the recording process.
It is possible to open the file where data is being recorded even while data recording is active. The user may be prompted
to open the file in a ‘‘read-only” mode. Do not attempt to overwrite or replace the file while data recording is active. The data
files have a header row followed by rows of data for each data package received, the interval of which is determined by D1.
The columns from left to right, as described by the header row, are:
 Date and time: The date and time at which the data was received from the microcontroller, according to the computer
system clock.
 Step no.: The step number (P3) of the environmental control program step. This field is left blank if environmental control
wasn’t active.
 Step type: The type (P4) of the environmental control program step. This field is left blank if environmental control wasn’t
active.
Fig. 17. Annotated screenshot of the Agenator computer program. Arrows indicate expanded menus that appear upon clicking the associated button.
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 RH setpoint (%): The target RH (P5) of the environmental control program step. This field is left blank if environmental
control wasn’t active.
 Fan rotation speed setpoint (rpm): The target fan rotation speed (P10) for both fans of the environmental control program
step. This field is left blank if environmental control wasn’t active.
The remaining columns (RH through Fan 2 speed) are the sensor readings. The CSV files can be opened with spreadsheet
software such as Microsoft Excel or text editors. It is highly recommended to frequently back up the data files into an online
storage service or external storage drives to prevent data loss in the event that the computer encounters a critical failure.
6.2.3. Sensor calibration and verification
Before using the system for an experiment, it is recommended to verify or calibrate the RH and mass sensors. Clicking on
C4 would reveal additional textboxes for these procedures. Data acquisition must be active in order to perform the verifica-
tion or calibration procedures. To verify that the RH sensor is within its 2% accuracy range, prepare saturated salt solutions
with known equilibrium RH values such as magnesium chloride (33%) and sodium chloride (76%) [8]. The solutions can be
prepared by boiling deionized water, stirring in the salt, then letting it cool down in a closed container. Place the HIH8131-
021-001 module of the currently displayed chamber into the closed container containing one of the two saturated salt solu-
tions until the reading is stable for about 10 min and verify that the RH reading is within 2% of the expected reading. The
sensor should not be immersed in the salt solution. Larger deviations would require a two-point calibration procedure. To
begin, prepare two saturated salt solutions with known equilibrium RH. Place the sensor in a closed container with the salt
solution of lower equilibrium RH without immersing the sensor in the solution. Change the value in H1 to the stabilized sen-
sor reading, H2 to the expected equilibrium RH value for the salt solution, and click H3. Repeat this for the salt solution with
higher equilibrium RH on H4, H5, and H6. It is recommended to redo the verification procedure after calibrating the sensor.
The weighing scale can be tared by clicking onW1. The offset applied to the weighing scale due to the taring procedure is
displayed in W5. The weighing scale can also be calibrated by placing a calibration mass with known mass at the center of
the weighing scale, entering its known mass into W2, and then clicking on W3. This should only be done after taring the
weighing scale. The resultant calibration factor is displayed inW4. Calibration masses can be purchased from manufacturers
of weighing scales or texture analyzers. It is recommended to use a calibration mass that has a mass close to that of the sam-
ples. When using the weighing scale for the first time, the signals from the two load cells on opposite ends of the weighing
scale need to be matched by signal trimming to ensure mass readings are uniform everywhere on the weighing scale [4]. As
shown in Fig. 4, the chamber controller has two blue potentiometers for this purpose, one for each load cell. Before beginning
signal trimming, rotate the knob on both the blue potentiometers counterclockwise with a small flat head screwdriver until a
clicking sound is heard. Tare and calibrate the weighing scale with a calibration mass as previously described. Subsequently,
place the calibration mass directly above one of the load cells and record the mass reading. Repeat this for the other load cell.
The side with the higher reading will need to be signal-trimmed. Signal trimming begins by placing the calibration mass
above the load cell that needs to be trimmed and slowly rotate the knob of the corresponding blue potentiometer clockwise
until the displayed mass reading matches the previously recorded mass reading of the other load cell with lower mass read-
ing. Now move the calibration mass to above the other load cell and record the displayed mass reading. If it is lower than its
previously recorded reading, repeat the signal trimming procedure again for the other load cell with the higher reading. Once
the readings from both sides have equalized, repeat the taring and calibration procedure. Verify that the weighing scale is
properly signal-trimmed and calibrated by placing the calibration mass at the center and above both load cells. The readings
from all three locations should be equal; otherwise repeat the signal trimming procedure from the beginning.
6.2.4. Environmental controls
The Agenator program allows the user to create a series of timed steps for controlling the RH and fan rotation speeds of
every chamber unit in the system. Steps can be added by clicking on P1. The step number is displayed at P3 and can be chan-
ged by clicking on the up or down arrows. The steps are executed numerically, therefore it is important to ensure that the
order is correct before beginning the control program. A control step can be either a ‘‘hold” or ‘‘ramp” step, depending on the
selection made at P4. A ‘‘hold” step simply attempts to maintain the RH and fan rotational speed according to the targets set
at P5 and P10, respectively, for a period of time as defined in P6 through P9. A ‘‘hold” step also attempts to reach the target as
fast as possible if the reading is initially far from the target. On the other hand, a ‘‘ramp” step gradually changes the RH and
fan rotational speeds linearly over a period of time as defined in P6 through P9 to eventually reach the targets set at P5 and
P10 at the end of the period. The longer the period, the slower the changes. Internally, the program calculates the linear rate
to change RH and fan rotational speed by taking the difference between the target setting and initial reading, then dividing
by the total duration. If the ‘‘ramp” step was preceded by another step, the initial reading will be copied from the correspond-
ing target of the preceding step. However, if the ‘‘ramp” step is the first step in the control program, the initial reading will be
set to the reading as seen in R1 through R6 just before the control program is initiated. The execution status of a control step
can be modified to ‘‘waiting” or ‘‘completed” in P11with the former implying a step waiting for execution and the latter, one
that has completed execution. Control steps can be deleted by clicking on P12. The control program is initiated by clicking on
P2, which subsequently changes to a button to stop the control program. During operation, the user is barred frommodifying
the settings of the control steps. However, P12 is changed to a button to skip a step if the associated step is currently running.
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The program updates P6 through P9 to reflect the duration left in a step and moves on to the next step once the duration is
complete. If there are no remaining steps, control of the environmental conditions is stopped.
6.2.5. Saving and loading program configurations
The settings and control program steps of all the chamber units can be saved into a configuration file. These settings
include D1, S1, G5,W2, H1, H2, H4, H5,W4,W5, and the settings for all the control program steps. This feature helps to pre-
serve the calibration factors and control program settings after closing the Agenator program. The configuration file can be
loaded into the Agenator program, even on a different computer. To save the current program settings, open the menu M1
and click on M1A. Select and appropriate location and name for the configuration file. To load a configuration file, open the
Fig. 18. Weight and temperature readings of 12 chamber units with known weights on the weighing scales over a period of 10 h.
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same menu but selectM2A. Select the appropriate configuration file and the Agenator program would automatically load up
all of the settings. The program configuration is saved into CSV files. Therefore, it is possible to directly modify them instead
of using the Agenator program. In fact, this is currently the only way to change the number of chambers available in the pro-
gram (12) to prevent users from deleting chambers during operation of the program.
6.2.6. Autosave feature
The state of the entire program can be periodically and automatically saved by using the in-built autosave feature. This
allows users to resume the program and all the chambers to their last known state in the case of a critical failure. The auto-
Fig. 19. Fan rotational speed readings of 12 chamber units set to maximum fan rotational speed over a period of 10 h.
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save feature can be enabled by opening the menu M2 and selecting M2A. Once autosave is enabled, it can be disabled by
clicking on M2A again. The status of autosave can be viewed anytime at M3. The time interval between each autosave is
modified in M2B, with a minimum of 1 min between each autosave. At the end of each time interval, the program saves
its current state to a CSV file named according to the time at which the autosave occurred. The CSV files are saved into a
folder named ‘autosaves’ and is located in the same location as the Agenator executable file. The CSV files are very similar
to the one described in Section 6.2.5, but contains additional information on resuming the state of the program. To load up
an autosave file, simply click on M2C and select the appropriate autosave file. The program will automatically resume data
acquisition, data recording, and environmental controls as needed.
7. Validation and characterization
Validation and characterization of the Agenator system was performed with 12 chamber units, with a focus on the sta-
bility of the system over a few hours.
7.1. Stability of weighing scale and fan rotational speed
Metal blocks with known masses were placed onto the weighing scales of all 12 chamber units and monitored over a per-
iod of 10 h. As shown in Fig. 18, there is mostly a 1 g deviation from the actual mass for most of the test duration, with occa-
sional random spikes contained within a 5 g tolerance. However, almost all of the chambers experience a large spike in mass
readings at about the 7 h mark. This spike coincides with a large change in temperature. After surveying the cold roomwhere
the chambers were placed, it was determined that the temperature spike was due to the cooler and fans turning off for about
30 min, presumably for a defrosting cycle. The resistance of the potentiometers used for signal trimming of the load cells
(Section 6.2.3) are actually affected by temperature due to a temperature coefficient resistance of 150 ppm/C [9]. These
observations indicate that it is essential to ensure that the Agenator system is placed in an isothermal environment. It
may be necessary to perform temperature compensation on the mass readings if the system is to be used in an environment
with frequent temperature swings, as described in Section 2.5.
During the testing of weighing scale stability, the rotational speeds of both fans in every chamber were set to 2400 rpm
based on the nominal speed given by the manufacturer [10]. However, the speed is not necessarily achievable due to colder
temperatures and tilting of the fans. Fig. 19 shows some fans achieving 2400 rpm, while others were slightly slower. With
exception to chamber 4, the fan rotational speed was controlled to within 50 rpm of the maximum achievable speed. The
large variation in one of the fans of chamber 4 (blue line) was identified to result from a faulty fan rotation speed and isolator
module, which was fixed after replacing the module with a new one (data not shown). Based on the data, a conservative
maximum fan rotational speed of 2200 rpm is used to ensure that all fans would achieve a uniform maximum speed.
7.2. Control of relative humidity
The capability of the system to control RH was tested by placing aluminum trays containing approximately 2 kg of water
into four randomly selected chambers and operating the system with a target RH of 70%. As seen in Fig. 20, the RH rapidly
decreased within 1 h and was maintained within 1% of the target over a period of 10 h. An RH of 70% lies on the lower end of
Fig. 20. Stability of relative humidity control (target = 70%) in four chambers loaded with trays of water over a period of 10 h.
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the range commonly studied in the literature for dry-aging of beef [3]. Despite a large tray of water posing a significant mois-
ture load to the RH control system, the Agenator was still able to drive RH to the target setting within a reasonable timeframe
and maintain it within a tight tolerance. Therefore, it is likely that the Agenator has the dehydrating capabilities and control
precision required for handling samples with high moisture content such as during dry-aging of beef.
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